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A precise measurement of the atomic maas dependence of dimuon p~oduction

induced by 800 GeV protone incident on targets of 2H, C, Ca, Fe, and W is

reported. The relative Drell-Yan yield per nucleon, R = YA/ YS,f, is eensitive

to modifications of the antiquark sea in nuclei. No eflect is seen for the range

of target-quark momentum fraction, 0.1 < at < 0.3. For =i < 0.1 the ratio is

dightly lem than unity for the heavy nuclei, These results are compared with

the predictions of EMC models. A depletion of the yield per nucleon from heavy

nuclei in observed for both J/# and W production. This depletion exhibits t

strong dependence on ~F and pt. Within experimented errorv the depletion in

the same for the J/@ ancl the ~’.

INTRODUCTION’

It was almost a decnde ago when the European Muon Collaboration reportedl

their findings that the F’a structure functione in heavy nucleus differ fkom those in



deuterium. This SG called EMC effect was cmdlrmed in other lepton Deep Inelas- -

tic Scattering(DIS) experiments using electron, muon, and neutrino bearnsa-’.

Despite extensive theoretical efforts, the interpretation of the EMC etiects re-

mains controversial. To shed more light on the origin of the EMC effects, it is

clearly desirable to have more experimental inputs. Some of the important ques-

tions to be addressed are; 1) Can one observe nuclear effects in other processes

which ure also sensitive to the parton distributions? 2) Can one identify the

nuclear effects caused by the quark (or antiquark) distribution alone? 3) What

happens to the gluon distributions in nuclei?

Lepton-pair production in high energy hadron-nucleus collision provides an

independent means to probe the quark, antiquark, and gluon distributions in

nucieis. Two distinct processes dominate the Iepton-pair production at high

energies - the Drell-Yan(DY) process and the quarkonium (J/*, T ) production.

The mechanism for the DY process is quark-antiquark annihilation, hence the

quark and antiquark content~ in nuclei can be studied. Indeed, most of the

information to date on parton distributions in hadrons are derived from the DIS

and DY experiments. The mechanism for the quarkonium production is leas

clear, but is gcnexally attributed to gluon-gluon fusion7. We recall that the J/#)

and T production data have been analysed”!e to yield information on the gluon

structure functions in pion and in nucleon.

The nuclear dependence of lepton-pair production is of interest for another

reason which has to do with the finding10 in relativistic heavy-ion collisions

that the J/# production rate in central collisions is suppressed relative to that

in peripheral collisions. This phenomenon was predicted u a signature’1 of

quark-gluon

it is crucial

quark-gluon

Several

plasma formation. However, before arriving at such a conclusion,

to study resonance production in proton-nucleus collisions where

pbna formation is not cxpectcd to take place.

expcrimentsl~ - ~’$ to study the nuclear dependence of leptcm-pair

production have been reported in the literature. Unfortunately, they suffer from

low statistical nccuracy. Previous studies of nuclear effects cm J/@ production,

performed at lower energies “17- ‘9, did not have adequate titatiotica or mam

resolution to extract information cm the #’ resonance.



In this paper we report the recent results obtained in the Fermilab experi- -

rnent E772, which was designed to make an accurate A-dependence meas~rement

of dimuon cross sections in 800 GeV proton-nucleus collisions. We will first dis-

cuss the setup and dcts analysis of the E772 experiment. The results on the

nuclear dependence of the DY and J/@ , ~’ procluctiono will then be presented,

foliowed by a summary.

THE E772 EXPERIMENT’

The E605/772 spectrometerzo was used to detect dimuons produced in 80!) GeV

proton-nucleus collisions. This spectrometer was designed to measure a pair

of charged particles having large p:. A 15-meter long magnet (pt kick = 7

GeV), located immediately downstream of the target, bends the charged par-

ticles through its upper and lower apertures. A beam dump placed inside this

magnet absorbs the uninteracted beam and also shields the downstream detec-

tors from the neutral paxticles produced in the target. Most of the relatively

low energy particles generated in the beam dump are swept away by the mag-

net or absorbed in the absorbers placed inside the magnet, keeping the singles

rfites on the cl~lwnstream detectors at an acceptable level. This allowed up to

2 x 1012 protons ~ler beam spill (20 see) on a 10% interaction-length target. E772

took data for approximately 6 month during 1987-1988. A total luminosity of

3,5 * 1041 cm ‘a/nucleon was reached.

The 800 GeV proton beam, 8 mm wide by s 2 mm Iugh at the target,

was monitored by position sensitive RF catities s d ion chambers; position

stability was typically better than 1 mm. Beam intensity WMmonitored by two

secondary-emission detectors and a quarter-wave R~ cav+ty. Two four-element

scintiliator telescopes viewing the target at 90° monitored the luminosity, the

beam duty factor, and the data Acquisition livetime.

The dimuon yields were mmaured for five targets, 2H, C, Ca, i’e, and W.

Care waa taken to achieve a very accurate target-to-target relative normdimtion.

Long-term monitor drifte were cancellcd by regularly interchsaging the solld

target- with the aH target every few minutes, The solid targuts consimted of

7.28 cm diameter dhksa’ distributed over a length of 50 cm, the lerigth of the

liquid deuterium cell. Target thicknmsee, ranging horn 6%(W) to 15%(al?) of an

interaction length, were chosen to equalise rntes in the apectrow.eter. Elemental



assays of the targets and beam attenuation were included in the luminosity -

calculation.

The electronic trigger consisted of a pair of triple hodoscope coincidences

having the topology of a p+p- pair from the target. This trigger reduced the

primary background of low ~T muons from the target and beam dump. Typically

50 events per second were recorded of which + 1 was a valid dimuon event horn

the target. Electronic I.ivetime was kept above 98%.

Tkack reconstruction was performed on a Fermilab Advanced Computing

Project parallel processor. Track reconstruction efficiency averaged * 91%; the

inefficiency was proportional to the instantaneous luminosity. Target-to-target

rate dependent corrections in reconstruction efficiency were applied. A small

contamination (~ 370) of random muon coincidences waa subtracted by studying

like-sign muon pairs. Target-out backgrounds were measured and found to be

negligible.

One million muon pairs were tracked through a complete Monte Carlo sim-

ulation of the spectrometer to study the acceptance, The acceptance for the

solid targets was slightly larger than that with the liquid deuterium cell; this

correction (0.970) waa applied to the data .

The systematic error in the ratio of yields from the solid tmrgets versus

deuteriurn is dominated by the uncertainty in the rate dependence (1.5%), ac-

ceptance (0,4$10), de~terium thickness (0.4??0), and beam attenuation (0,370). A13

other contributions are negligible. This result, in u total estimated aystexnatic

error in the ratios of less than 2Y0.

A-DEPENDENCE OF THE DF?.ELL-YAN CROSS SECTIONS

Proton-induced DY production, for fractional longitudinal momentum (Feyn-

mann z), ZF z 0.2, is dominated by the quark-antiquark annihilation subpro-

cess

qp + q* + 1+1-,

where p und t indicate the beam proton and target nucleon, respectively. Ac-

ceptance corrected mass spectra from the three spectrometer settings are shown

for the all target in Fig, 1. AIISOshown is a calculation oi the DY cross sec.

tion in the leading-log approximation(q(z) -+ q(z, Ma )) which was normalized
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to the data. Thecdcdation, w&chemployed thestructure f~ctions (set l)of -

Eichten et al.,22 gives an excellent account of the shape of the DY continuum.

Figure 2 shows the Fe/2 .H ratio as a function of dimuon mass, ZF, and trans-

verse momentum, It is evident that the mass regions dominated by quarkonium

resonances (Al < 4 GeV and 9 < ikf < 11 GeV) have very different A depen-

dence than the DY continuum; the A dependence of ~/@ and IL’ production

will be described in the next section. The dependence cm transverse momentum

is similar to that seen by NA10a3 at 280 GeV, but significant} less than that

obsexwed at 140 GeV,

Figure 3 shows the ratios of Drell-Yan yield per nucleon for each heavy

taxget versus 2H, YA/ YZH, as a function of Zt for muon pairs with positive

ZF. Mean values of ZF and tramverse momentum a-e 0.26 and 0.95 GeV/c,

respectively . The Zt ratios are based on mass regions free of contribution from

decay of the quarkonium states, specifically, 4< AZ ~ 9 GeV and itf ~ 11 GeV.

With these cuts the above calculation predicts that the fraction of the accepted

DY events due to qPZt annihilation is * 0.95 at zt = 0.06 and x 0.75 at zt = 0.3.

No nuciear dependence of the antiquark ratio is observed over the range

at >0.1, A slight ~but experimentally significant depression of the ratio is seen

in the heavier targets for zt < 0.1. Figure 3 compares present data for W/2 H to

the F2 ratio Sn/2H from the EMC group. 4 The iepton scattering data exhibit a

more pronounced shadowing at small zt. It is clearly of interest to know whether

this difference cun be understood in terms of current models of shadowing.z’ It

is worth noting that Q2 ~ 16 GeV2 for our aata$ which is sigrdilcantly huger

than in DIS.

Many of the theoretical attempts to calculate the EMC e’lect fall into

three general categories: pion-excess models, quark-cluster models and resealing

models. These models c= also be used to predict the nuclear dependence of DY

dimuon production. The acceptance of the E772 spectrometer WM taken into

account in each of the following calculations.

The pion-excess model in its ediest forrns2s’ae prdicted a rise in the

3[g/F; M ratio at small zt as well M a depletion for zt z 0.2, The small

enhancement in the pion cloud surrounding a bo ~nd nucleon arises from a con-

jectured attractive p-wave m - N interaction in nuclear matter. The strength
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of this interaction is often characterized by the Landau- Migdal parameter g~; -

typical values found in the literature range around g! * 0.6 – 0.7. Figure 3

compares the results of a calculation27 (using the structure functions of Ref.

22) with g! = 0.6 to the present ~e/211 DY data; it is completely incmsistent

with the data. The pion-excess model of Ref. 26, which uses a different pion

distribution function, predicts a similar enhancement in the antiqmrk content

of nuclei, in disagreement with our data.

@mrk-ciuster models view the nucleus as composed of a combination of

ordinary nucleons plus some fraction of multiquark (6q, 9q, and higher) clus-

ters formed by the overlap of nucleons. The uncertainties in these models come

from the essentially unknown structure functions of mu.ltiquark clusters, In the

model of Carlson and Havens2s, for example, the parton structure functions were

parametrized according to constituent counting rules. The gluon momentum

fraction for the 69 cluster was constrained to be the same as for the free nucleon.

This results in a significant enhancement of the sea even for a modest 15% 6q-

cluster fraction. The calculated DY ratio (Fig. 3) is in significant disagreement

with the present data. An alternate but plausible assumption,20 that the mo-

mentum fraction sea/glue in $g-clusters is the same as it lS for nucleons, leads

to a smaller enhancement of the DY ratio. However such a calcula’ is still in

disagreement with our data.

The resealing mod~ assumes that nuc.lem binding results in a phenomenon

similar to the scaling violation associated with gluon erniszion.so Comparisons

to the present DY data are made on the basis of the scale change of structure

fmction~ ~(zt, Q2) + ~(zt, {Q2), where f z 2 over the Q2 range of our data.

The calculation, shown in Fig. 3, yields a scaling violation similar to DIS.

It approximately flto the DY data, except in the range zt < 0.1 where the

approximations made in this model are known to break down.

A-DEPENDENCE OF J/@ and +’ PRODUCTION

Figure 4 Bhowa the heavy nucleus to deutenum ratio per nucleon, l?, integrated

over XF and p: for the J/@ , +’ , and the DY continuum versus A. The mass

resolution of -160 MeV at a mass oi 3 GeV gives excellent separation between

the J/# and # peaks (Fig. 4 insert). To extract the peak areas the opectrum

was fitted with a combination of asymmetric gaussian peaks plus a polynomial
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to represent the Drell-Yan continuum. Mean values of the kinematic variables -

for the J/@ and +’ resonances, averaged over the spectrometer acceptance, are

< ZF >-0.27 and < pc >- 0.7 GeV. In contrast to the DY data, which give

a value of R very close to unity, a large depletion of the J/@ and +’ yields is

found in the nuclear targets. A significant new result seen in Fig. 4 is that

the depletion is the same within errors for the J/# and +’. To describe the

A-dependence of the J/# , t’ depletion, We use the usual parametrization;

The curve in Fig. 4 corresponds to the best fit with a = 0.92. The _ 2%

normalization error translates into an approximately constant systematic error in

a of ~ 0.008. The validity of 13q. 1 for J/# production has not been well tested,

since previous experiments typically measured only two targets. Katsanevas et

al.le noted that the form A“ fails to describe thar data, when combined with

earlier NA3 datas. Fig. 4 ohows that Aa gives an adequate, though not excellent,

description of the present data.

F@ure 5 shows R for the J/# as a function of Z&?and pt. The J/# depletion

in heavy tcugets is most pronounced at larger values of ZF and at smak values

of p:. This statement also applies to R(ZF; pg) for the #’. The observed xF and

pt dependence is in qualitative agreement with previous proton-induced J/+

production data, as well as the pion tmd antiproton induced J/~ production

data6’19.

In Fig. 6 we show a for tLe J/~ versus ZF, Xz, and pt, as determined by

fitsto R for all targets. Also shown are U(ZF ) and a(za ) for 200 GeV proton

production of the J:+ from NA38. Comparison of the two data sets shows that

a(z~ ) depends little on beam energy.

In the simplest gluon-gluon fusion model’, the quarkonium cross section iq

given by the convolution of the process, gg + Q~, with the gluon structure

functions G’(z1 ) and G(za ), where al and Za are the Bjorken-z of the gluons in

the beam and target hadrons, respectively. Here it is assumed that z] and Zz

are related to the observed quantities m and Zr through the relations

m2 = Zlzall; Zp = xl -X2, (2)
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where a is the center-of-mass energy squared. Strictly speaking, m in Eq. 2 can
.

be the mass of any cc state produced by gluon fusion which subsequently decays

into the J/@. We use the mass of the J/@ to udculate Zz in Fig 6. Comparison

of the 800 GeV and 200 GeV results clear!y indicates that the data do not scale

with Za, a parameter intrinsic to the target-parton structure function. Thus the

~/@ suppression is not a simple manifestation of the smail-iq shadowing seen in

deep-inelastic lepton scattering’.

Several models31 ’34 , aimed at a unified description of J/# production in

hatk.:n-nucleus and nucleus-nucleus collisions, have considered the eflect of at-

tenuation of cz states by secondary reactions of the J/@ with some combination

of tLe remaining nucleons of the ‘.arget plus hadronic debris formed ia the colli-

sion (co-movers). The evolution of the J/@ from the initial cz state, where the

interaction cross section may be very small due to color transparency effects3s,

to the final state of hadronic dimensions is characterized by an exponential time

dependerice. At present, this time dependence has not keen characterized ex-

penmentdly. Although attenuation models have hen directed primarily toward

the central production region, their extension to the present ZF range is straight-

forward. It is ckax that these models predict a smaller A-dependence at large

Z?J?for *WOreasons. First, the more energetic the J/@ , the longer it stays in its

(presumed) spcdial.ly small, color-transparent state. Second, for the most ener-

getic J/@s, tke density of co-movers decreases. The observation of a significant

suppression { .’ the yield of the J/#J at l~ge Zp’ implies that attenuation csxmot

be the comp,~te explanation of the A-dependence of hadronic J/@ producti(m.

Additional evidence against the co-mover picture is found in beam-dump mea-

surements of the A-dependence of inclusive charm productions~’s’. There it is

found thnt a is substantially less than unity. Presumably open-charm channels

should not suffer attenuating reactions in the same way as c? states.

The fact that the A-dependence of J/# and @’ production is the same

within emora provides an additional constraint on the hadrcmic attenuation pic-

ture. The radii of the J/@ and W differ by dmt st a factor of two in potential

mode.hse. Direct interpretation of this difference is complicated by the fact that

the J/$ is probably produced in part by decays from XC states which have radii

comparable to the +’ . Nevertheless, the preseut data indicate no dependence on

final hadronic sise. One models9 is in qualitative accord with both the equality

of the J/@ and +’ A-dependence and the XF dependence of R. ‘The authors of



this model postulate intrinsic cz components in the wave function of the incident -

hadron to achieve these features. It remains to be determined whether or not

the magnitude of the intrinsic charm in the proton taxi account for the present

data.

Finally, we iurn to the p~ dependence of a. Figure 6 shows that the increuse

in a at large p: is somewhat greater for the J/+ than for the DY continuum. This

has been anticipated by models40’41 which describe the p: dependence of hadronic

J/# production in terms of initial/final state parton.ic multiple scattering. The

ratio of the J/@ to DY pt dependence plays an important rde in understanding

the significance of J/$ production in heavy-ion collisions. Although detailed

model analyses of the NA38*0 results are still being debated, the results seen here

are in qualitative agreement with those from heavy-ion induced J/@ production,

possibly indicating a common origin.

SUMMARY

In summary, the E772 experiment has shown almost no nuclear dependence in

the production of continuum dimuon pairs. In the context of the DY description

of dimuon production this implies no modification of the antiquark sea in the

range, 0.1 < Zt < 0.3. Models of the EMC effect which postulate a significant

pion excess or antiquark enhancement in multiquark clusters are apparently

ruled out. The Qz resealing mock! is consistent with the present data. A slight,

but experimentally signiilcaat, depletion of the yield ie eeen in the heaviest

targets for z~ <0,1.

We have oboerved that production of the J/# and ~’ resonance with 800

GeV protons is strongly mppresued in heavy nuclei, The A-dependence is well

described by the dimple expremion, Aa, with a value of a which dependo on

ZF and pi. Comparison of the present da~a with the previous 200 GeV d~ta

nhows that Q scales well with XF, but not with *3, Two popular models, small-a

ah~dowing and hadronic attenuation, have difflcultieu explaining either the ma

or the *F dependence of existing data. It in clear that much remaino to be

understood about the nature of charrnonium production and propagation in nu-

clei. In particular, it is important to have measurements of the A-dependence

of J/$ and ~’ production over a much wider kinematic range, e~pecially at neg-

ative ~F where almost no experimental data exists. In addition to criurmcmiu.m



production, measurement of the A-dependence of open-charm chmmels, e.g. D -

mesons, would greatly clarify such issues as intrinsic charm in light hadrons and

co-mover attenuation.
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